Abstract-The suitability of radioactively labeled proline as a marker of axonally transported protein in the goldfish visual system is further investigated and compared with another amino acid, leucine, in double-label experiments. Intraocularly injected proline is incorporated into protein in the eye 5 times more efficiently than is leucine, while local labeling of brain protein from precursor which has left the eye and entered the blood, (observed in the ipsilateral optic tectum) is five-to eight-fold less from proline than from leucine. The difference is attributed to the superior transport of leucine, an essential amino acid, into the brain from the blood. Once in the brain, the apparent rates of incorporation of the two amino acids are similar. Proline-or leucine-labeled, axonally transported proteins have a longer apparent half-life in the brain than do proteins labeled from intracranial injection of the precursors. By either route, proline-labeled proteins have a longer apparent half-life than leucine-labeled proteins. It is proposed that proline, released from protein breakdown is reutilized to a greater extent than is leucine.
of proteins, development of the visual system, and neuroanatomical mapping, the long-term f a t e of proline-labeled protein and the possible differences between ['HI-proline and ['HI-leucine merit further investigation and are the basis of the present study. Labeled precursors in 5pI were injected I 0 into the posterior chamber of the right eye through the superior pole with a 50 pl Hamilton syringe and a 30 gauge needle fitted with a polyethylene sleeve to limit the penetration to 2mm. Intracranial (IC) injections were in 1OpI given through the skull into the cranial space with a similarly fitted syringe and needle (AGRANOFF & KLINGER, 1964) .
Determination of radioactivity
Optic tecta from rinsed brains were removed and homogenized in distilled water with a glass-to-glass homogenizer. In one experiment (Fig. 4) , the radioactivity in each pool of two tecta was determined directly in Spectrafluor scintillant (AmershamlSearle) after they were dissolved in Soluene-100 (Packard). Brains were homogenized in distilled water with a motor-driven teflonto-glass homogenizer. A Brinkman Polytron was used to homogenize whole eyes and lenses.
Total radioactivity in the optic nerve was determined by immersing two nerves directly in 1 ml of Soluene-100 for 12 h prior to the addition of 10ml of Spectrafluor.
Acid-soluble radioactivity was no longer significant in the nerves 24 h after injection, so that total nerve radioactivity was used as a measure of the acid-insoluble fraction. Samples containing tritium were counted in Bray's solution or in I5ml of a toluene-based scintillation mixture containing 26% Triton X-100 (vlv) , 75mg of 2,5-diphenyloxazole (PPO) and 1.5 mg of 1.4 bis-2-(4-methyl-5 phenoxazoly1)-benzene (POPOP). "C was counted in a solution consisting of 9 ml of methanol, 4 ml of ethanolamine, and 6 ml of toluene scintillant containing 90 mg of P P O and 6 mg of POPOP.
Aliquots of aqueous homogenates were dissolved in NaOH, and protein was determined spectrophotometrically (LOWRY et al., 1951) .
Hydrolysis of protein and separation of amino acids
Pools of 4-5 left or right tecta were homogenized in 0.5 ml of water. One half rnl of 10% TCA was added, and the precipitated protein was treated sequentially with TCA, ethanol and ether, as described above. One ml of 6N HCI was added to the dried protein, and the mixture was heated overnight at 1 10°C in a closed screw cap tube. The HCI and water were evaporated under N2, followed by addition of ethanol and reevaporation. The dried hydrolysate was dissolved in loop1 of an aqueous solution 25 mM in proline, leucine, glutamic acid and hydroxyproline, and 20 pl of this dissolved hydrolysate with the internal standards were applied in duplicate to strips of Whatman No. 1 paper. Amino acids were separated by descending chromatography for 15-20 h in n-butano1:acetic acid:water (60: 15:25) . One strip of each pair was dipped in 0.2% (wlv) ninhydrin in acetone and heated at 80°C until color developed. Sequential segments of the undeveloped chromatogram were counted following conbustion in the sample oxidizer. Recovery of hydrolysate radioactivity from chromatograms was 95-105 per cent, except for the'H counts in the 9 month sample in which 84 per cent recovery was obtained.
In several experiments, sample radioactivity soluble in 5% TCA was chromatographed using the same system. TCA was removed from a concentrate by three extractions with petroleum ether. The aqueous phase was dried under N2 and suspended in a small volume of distilled water containing carrier amino acid.
Determination of TCA -soluble radioactivity from blood Blood was obtained by inserting a heparinized capillary tube through a small incision in the ventral surface and into the pericardial cavity. From 80 to 120pl of blood were obtained per fish. Samples from 8 to 12 fish were pooled and added to an equal volume of 10% TCA, from which the acid-soluble radioactivity was determined.
High resolution radioautography
Goldfish were injected I 0 with 70pCi of 'H-proline. Eight months later they were perfused oia the ventral aorta according to the method of ROBERTSON et a/.. 1%3, except that heparin was injected intraperitoneally before the heart was exposed, and saline was substituted for Ringer's solution for initial perfusion. The fixative was a paraformaldehyde-glutaraldehyde mixture in 0.07 M cacodylate buffer at pH 7.5 (SOTELO & PALAY, 1968) . After 10min of perfusion under manual pressure, the nerves were dissected, immersed in fresh fixative for 45 min, and washed in cacodylate buffer containing 10% sucrose. Tissue blocks were postfixed in a chrome osmium solution (DALTON, 1955) for 45 min and stained en bloc for 1.5 h in 0.5% uranyl acetate containing 0.54% sucrose. After dehydration, the samples were flatembedded in Epon. Fig. 13 ) for sources of 2 and 4 HD units radius. For comparison with this theoretical curve, the unit distance of each grain midpoint was measured perpendicular to the nearest axon membrane.
RESULTS

Eficacy of labeled proline as a precursor for transported protein
Within hours after injection of ['HI-proline or ['HI-leucine into the goldfish eye, rapidly transported protein arrived in the contralateral optic tectum (COT), while the local incorporation of systemically supplied labeled amino acids was reflected by the radioactivity in the ipsilateral optic tectum ( Table 1 ). The amount of axonally transported labeled protein was calculated from the COT-IOT difference. Proline was five-fold more efficiently incorporated into transported protein than was a similar amount of leucine. This indicated more efficient incorporation of proline into the ganglion cell protein, as is suggested by the labeling of the total eye proteins. In contrast, ['HI-leucine was more effectively incorporated locally into the remainder of the brain following I 0 injection.
In order to further define the factors producing the contrasting results between the two amino acids, a time course of arrive of [3H]-proline-and ['HI-leucine-labeled protein in the COT was obtained for periods from 15min to 16h after I 0 injection (Fig. 1A) . The TCA-soluble radioactivity of the tecta (Fig. 1B) and of the blood (Fig. 1C) was also determined. Rapidly transported labeled protein arrived in the COT between 2 and 5 h after the injection of each amino acid (Fig. 1A) . Sixteen h following ['HI-leucine injection, 53 per cent of the contralateral radioactivity could be attributed to local labeling, while this value was only 1.6 per cent with [3H]-proline. The higher 'background' labeling with leucine appeared to be explained by the finding that there was 6.5 times more ['HI-leucine than ['HI-proline in the acid-soluble fraction of the COT 1 h after their respective I 0 injections, despite the presence of similar amounts of the two labeled amino acids in the blood (Fig. 1C) . With ['HIproline as precursor, more soluble radioactivity was apparent in the COT than in the IOT beginning 2-5 h after injection, while no consistent difference was detected between the COT and IOT soluble radioactivity with pH]-leucine.
To determine the effect of the specific activity of 10-injected ['HI-proline on its incorporation into transported protein, 24 fish were each injected with ['HI-proline, 4.8 p Ci, 29-8 Ci/mmol, or diluted to a final specific activity of 0.298 Ci/mmol. The proline at higher specific activity was 2.8 times more efficient in labeling rapidly transported protein, while no singificant difference could be detected between the two dosages in incorporation into the IOT:
Turnouer of transported labeled protein The arrival and long-term turnover of axonally transported protein at 20 -C 0.5"C in the goldfish optic tectum following I 0 injection of both ["C]-proline and ['HI-leucine is presented in Fig. 2 . While the pattern of arrival of slowly transported labeled protein was similar for the two isotopes, the ['4C]-proline-labeled protein had an apparent halflife of 103 days, while the half-life for ['Hl-leucinelabeled protein was 67 days when measured over the interval between 63 and 228 days after injection.
Chromatographic separation of amino acids following hydrolysis of tectal protein was used to Since apparent differences in turnover of prolineand leucine-labeled transported protein may result from differential protein turnover in the eye, coupled with continuous supply via axonal flow of small amounts of proline-labeled protein, the total radioactivity in protein of the lens and the remainder of the eye was determined in the same group of fish. The optic tectum turnover of this group is presented in Fig. 2 . During the first 30 days after injection, ['HI-leucine-labeled protein appeared to be somewhat more rapidly degraded than ["CI-proline-labeled protein in the eye (Fig. 3) . There was, however, no significant difference between ' H and "C loss in protein thereafter. (Fig. 2) . The acid-insoluble ["CI-proline ( M ) and ['HI-leucine (0---0) were determined in pools of 8 eyes (A) with lenses removed and pools of 8 lenses (B).
labeled amino acids, significant turnover of this protein was not observed.
Radioactivity in the optic nerve
As can be seen in Fig. 4 , slowly transported labeled protein arrived in the optic tectum after it appeared in the optic nerve. In contrast to the decline in radioactivity in the nerve after rapidly transported protein passed through it (ELAM & AGRANOFF, 1971a), the nerve became heavily labeled with slowly transported protein, and its radioactivity persisted and paralleled that of the COT, declining only after many weeks.
Since considerably more labeled protein is believed transported by slow axonal flow than by rapid flow (MCEWEN & GRAFSTEIN, 1968; ELAM & AGRANOPF, 1971b), and much of the slowly transported protein may remain in the retinal ganglion cell axon present in the tectum, the apparent half-lives observed in Fig. 2 may reflect a significant contribution from the axon or from its surrounding myelin sheath. High resolution radioautography of the optic nerve was performed to evaluate the contribution of myelin to the radioactivity in the optic nerve 8 months after I 0 injection of ['HI-proline (Fig. 5) . In the ultrathin sections analyzed, axoplasm occupied 1.4 times the area of myelin and contained 3.3 times the number of exposed silver grains; hence it possesses 2.3 times the grain density of the myelin. The average axon radius was 3 half distance (HD) units. For a uniformly labeled circular source of this radius, 52 per cent of the total grains should lie over the source, while 45 per cent should fall within 8 HD grains. This distribution is to be expected as a result of scatter from the source, and it may be concluded that extra-axonal compartments, including myelin did not contain substantial amounts of ['HI-prolinelabeled protein and that the axoplasm is the site of the radioactivity in the nerve.
Incorporation and turnouer after intracranial injection
When equal amounts of ['HI-proline or ['HIleucine of similar specific activity were injected intracranially (IC), the acid-soluble radioactivity decreased more quickly with leucine than with proline ( Table 2 ). The two radioactivities approached similar levels by 8 h. During this interval, much more labeled proline than leucine was incorporated into brain protein although the relative rates of incorporation of the two amino acids from their respective labeled pools appeared similar, as reflected by the ratio of precipitable to soluble radioactivity at early times. The difference in amounts of the acid-soluble labeled amino acids remaining would appear to account for the differences in incorporation. Via the intracranial route, there appeared to be no bar to proline incorporation into the brain.
To determine whether the apparent difference in half-life between proline-and leucine-labeled protein was peculiar to transported protein, goldfish were injected IC with a mixture of ["CI-proline and ['HI-leucine (Fig. 6) . The half-lives for doublelabeled proteins, calculated between 27 and 71 days after IC injection, were 82 days for proline-labeled protein and 45 days for leucine-labeled protein.
Incorporation in the brain after I 0 and IP injection
Thirty minutes after intraperitoneal (IP) injection of similar amounts of ['HI-proline or ['HI-leucine, there was 25 per cent more soluble radioactivity in the blood from leucine than from proline (Table 3) . There was, however, 3-fold more soluble radioactivity in the brain from ['HI-leucine, and this was reflected in the amount of labeled protein formed. In the kidney, there were equal amounts of acid-insoluble and soluble 'H after IP injection of either amino acid, and the ratio of insoluble to soluble radioactivity indicated that the two precursors were being incorporated similarly.
One hour after I 0 injection of ['HI-proline or ['HI-leucine, the optic tecta were excised. They should be labeled only by radioactivity which has escaped from the eye and entered from the blood, since axonally transported protein has not yet arrived ( Table 4 ). The labeling pattern was similar to that observed in the blood and brain following IP injection. There was slightly more soluble radioactivity in the blood from the I 0 leucine injection than from proline, but considerably more radioactivity entered the acid-soluble fraction of the tectum when leucine was the precursor. The relative degree of incorporation measured by the ratio of acid-insoluble to soluble radioactivity was similar for the two amino acids in both the tectum and kidney, following I 0 injection.
DISCUSSION
The effectiveness of labeled proline as a precursor of transported protein in the fish visual system Chromatography of blood acid-soluble radioactivity indicated that at 30 min, 88 per cent of the radioactivity after IP 'H-proline was in proline and that 82 per cent of the radioactivity after IP ['HI-leucine was in leucine. Blood acid-insoluble fraction was not measured. . The data are from the experiment presented in Fig. 1 . The tectal data are mean values obtained from determinations of the pooled contralateral and ipsilateral optic tecta. The appearance of radioactivity in the kidney was measured at 30 min; tectal radioactivity was measured in a separate experiment at 60 min, since there was insufficient labeling 30 min after injection.
can be attributed both to its efficient incorporation into retinal ganglion cell protein and to its relatively inefficient movement from the blood into the brain.
The basis for its high rate of incorporation into protein in the eye may lie in part of the small size of the proline pool in the vitreous humor or in the retina itself, in a rapid rate of transport of proline into the retinal ganglion cell, or in its slow rate of disappearance uia transport or metabolism relative to other amino acid precursors. In the carp retina, the reported total free leucine pool is one-thud greater than that of proline, while in the vitreous humor, proline is not measurable (CSANYI er al.,   1973 ). The decrease in labeling of transported protein that resulted when the specific activity of added ['HI-proline was lowered suggests a significant role for the precursor pool size in labeling of transported protein. From the dilution study, we calculated that an endogenous pool in the eye of approximately 9 nmol of proline equilibrated with the injected precursor.
In the initial study which reported efficaciousness of proline for axonal flow studies in the visual system (ELAM & AGRANOFF, 1971a), 18 amino acid precursors were compared. The 11 amino acids ordinarily considered essential in the fish (including cysteine; PHILLIPS, 1969) yielded COT/IOT ratios of labeled proteins of less than 3, while the non-essential amino acids had higher ratios. An exception was glutamic acid which was poorly incorporated into transported protein, probably because of its high concentration in tissues. In the present report, we note that the essential amino acid, leucine, enters the brain from blood more effectively than does a non-essential amino acid, proline. The other essential amino acids may similarly be poor precursors for studying axonal transport in the visual system, that is because they are readily transported into the brain from the blood and result in relatively high incorporation. Leucine and other essential amino acids (tyrosine is considered an essential amino acid for the brain) are reported to enter the brain rapidly while proline and other non-essential amino acids enter more slowly (OLDENDORF, 1971; YUDILEVICH et al., 1972). Of interest, some proline esters enter the brain more effectively than does the natural amino acid (DINGMAN & SPORN, 1959) . Dilution of precursors with unlabeled amino acids in the blood should also affect their rate of entry. Twice as much proline as leucine has been reported in carp blood (CREACH & SERAFATY, 1964) evidence that ['HI-proline is taken up much less effectively than is ['HI-leucine in the cat lateral reticular nucleus. By contrast, small neighboring cells (neurons or glia) are preferentially labeled by proline. The result is confounded by the fact that the two isotopes were injected intracerebrally in significantly different amounts and specific activities. In the case of the visual system, there is no evidence that different cell types are involved in any of the differences seen in incorporation or turnover. The result points out, however, a possible complexity in the use of amino acid incorporation into protein as a means of tracing neuronal IOT acid-soluble radioactivity and was thus readily measured. However, in the analogous experiments with labeled leucine, if we assume there is also a 2-3 per cent enrichment with free leucine in the COT acid-soluble fraction, we could expect only 7 per cent more radioactivity in the acid-soluble fraction of the COT than in the IOT acid-soluble radioactivity 5 h after injection (Fig. 1) . Variation in experimental values thus precluded identification of such a putative increment in the COT following 'H-leucine injection. Since the amount of radioactivity in the acid-soluble fractions arriving via the blood is very low relative to the amounts of labeled protein a few days following the I 0 injection of ['HI-leucine, it then becomes possible to examine the possibility of a COT -IOT difference. Fortyfive days following either labeled proline or leucine injection, the COT -IOT acid-soluble radioactivity is found equal to about 1 per cent of the acid-insoluble fractions in each instance. The persistence of the COT-IOT difference as a relatively fixed percentage of the acid-insoluble fraction suggested the alternate possibility that our protein precipitation method might not be complete, or that small acid-soluble peptides were transported axonally and appeared in the acidsoluble fraction. Paper chromatographic analyses of the acid-soluble fractions at various times after injection indicated, however, that the major radioactive spot in each instance comigrated with the precursor amino acid. The results are then interpreted to indicate that labeled protein breakdown is the source of a significant fraction of the acid-soluble radioactivity. This observation is discussed further below in regard to reutilization of amino acids as they may affect calculated protein half-lives.
We have documented in the present study, a significant difference in apparent half-lives of axonally transported proteins as a function of the precursor amino acid used. We find turnover of leucine-labeled transported protein to be 67 days at 20 +. 0.5". Kinetics of protein labeled locally with ['HI-leucine was studied following IC injection. In this instance, the half-life was 45 days, significantly shorter than that for transported protein. Calculation of local labeling by ['HI-leucine in the IOT following I 0 injection gave a much longer half-life, approximately that of the COT. This is unexplained, but could be due in part to slow release of labeled leucine from highly labeled protein in the eye as discussed below. GRAFSTEIN et a/. (1973) havc observed a marked difference in the turnover of leucine-and proline-labeled transported protein in the mouse visual system. Proline-labeled protein showed virtually no turnover, while leucine-labeled protein decayed rapidly. In a separate study in the fish, the half-life of leucine-labeled transported protein was reported at various ambient temperatures (GRAFSTEIN et al., 1972) . At 20.5", the half-life of leucine-labeled transported protein (COT minus IOT) was reported to be 6 weeks, much shorter than we found, while that for locally synthesized IOT was reported to be seven weeks.
The present studies show that protein labeled following IC injection turns over much more rapidly than does axonally transported protein and this difference is seen when ['HI-proline is the precursor as well. This difference in half-life as a function of route of administration of the protein precursor may reflect a number of intervening factors, among them considerations regarding the distribution of radioactivity in different brain cell populations, into subcellular fractions and within protein species, as well as other possible confounding factors inherent in measurements of total protein turnover (SCHIMKE & DOYLE, 1970) . In the case of comparison of axonally transported and locally synthesized proteins, there are additional considerations. The possibility exists that the transported labeled tectal protein is in continuous circulation with a larger amount of labeled protein present in the ganglion cell. Although we have not examined the retina by radioautography, we have found large amounts of radioactivity throughout the eye, even after several months. The measured apparent half-life may therefore be prolonged by a continued supply of protein from the retina as is suggested by the persistence of radioactivity in the optic nerve for long periods of time (Fig. 4) . There is the further possibility of continuous circulation of macromolecules and organelles, such as mitochondria, between the nerve ending and its cell body. Since amino acids are incorporated almost entirely by polysomes in the perikaryon, the labeled protein demonstrates only proximodistal flow. Other techniques indicate that there may indeed be distoproximal flow, so that the two processes together may constitute a circulation. Histochemical study of the fate of peroxidase after injection into the chick optic tectum has revealed retrograde axonal flow in the retinal ganglion cell (LAVAIL & LAVAIL, 1972) . Another consideration, often neglected in in viuo studies, is that the use of first order decay kinetics may not be entirely appropriate. Transported organelles, such as mitochondria and synaptic vesicles, may, like erythrocytes, have specific lifetimes rather than half-lives. They would show little turnover until they are destroyed. The observed decay curves could result from a combination of these two or even more kinds of decay.
The difference in observed half-lives of protein when proline or leucine is the precursor was seen following both I 0 and IC injections. Differences in measured brain protein turnover rates as a function of different systemic precursors have previously been observed (LAJTHA, 1 W ) . While considerable differences in half-lives of specific brain proteins have been reported as well (LAJTHA & MARKS, 1971), in order for these differences to account for our results with leucine and proline, one must postulate the presence of a substantial amount of slowly turning over protein highly labeled with proline.
Differential reutilization in the brain of amino acids released from protein breakdown could explain the difference in apparent half-lives of leucine-and proline-labeled proteins. Substantial differences in apparent turnover rates of specific isolated proteins have been shown to depend upon the labeled precursors used (ARIAS et al. . I n uitro studies of labeled leucine incorporation into protein in pancreas slices indicate that the specific activity of the amino acid pool in the incubation medium is more relevant than that of the measured intracellular labeled amino acid (VAN  VENROOIJ et al., 1972) .
The high resolution radioautographic study indicates that the labeled protein is primarily axonal. Using light microscopic radioautography, we have observed the presence of silver grains over the valvula of the cerebellum following I 0 injection.
Since this brain region is separated from the tectum by the ventricular space, and since no tectal neurons are known to project axons into this region, the result indicated that labeled protein or ['HI-proline-labeled protein has left the presynaptic region and migrated to the cerebellum, followed in the latter case by reincorporation. The present results add a further note of caution in interpretation of radioautographic studies where transneuronal migration of protein is suggested (see DROZ et al., 1973).
